The Wilms' tumor gene Wt1 is unique among tumor suppressors because of its requirement for the development of certain organs. We recently described de novo expression of Wt1 in myocardial blood vessels of ischemic rat hearts. The purpose of this study was to analyze the mechanism(s) of hypoxic/ischemic induction of Wt1. We show here that Wt1 mRNA and protein is up-regulated in the heart and kidneys of rats exposed to normobaric hypoxia (8% O 2 ). Ectopic Wt1 immunoreactivity was detected in renal tubules of hypoxic rats, which also expressed the antiapoptotic protein Bcl-2 and contained significantly fewer TUNEL-positive cells than in normoxic kidneys. Wt1 expression was enhanced in the osteosarcoma line U-2OS and in Reh lymphoblast cells that were grown either at 1% O 2 or in the presence of CoCl 2 and desferrioxamine, respectively. The promoter of the Wt1 gene was capable of mediating expression of a luciferase reporter in response to hypoxia. We identified a hypoxia-responsive element in the Wt1 sequence that bound to hypoxia-inducible factor-1 (HIF-1) and was required for activation of the Wt1 promoter by CoCl 2 and HIF-1. These findings demonstrate that Wt1 expression can be stimulated by hypoxia, which involves activation of the Wt1 promoter by HIF-1.
T he Wilms' tumor gene Wt1 was originally identified as a tumor suppressor by its homozygous disruption in a subset of pediatric renal malignancies (Wilms' tumor, nephroblastoma). Targeted inactivation of Wt1 revealed its critical role in the development of certain organs. Mouse embryos with disrupted Wt1 gene (Wt1 −/− ) exhibit severe genitourinary defects (1) , in addition to a failure of normal development of the adrenal glands (2) , spleen (3), retina (4) , and mesothelial tissues (1, 2) . Because of the characteristic spatiotemporal expression of Wt1 and the unique phenotype of the Wt1 −/− embryos, it was proposed that Wt1 might allow cells to change between a mesenchymal and epithelial state of differentiation (2) . How Wt1 fulfils its function(s) in molecular terms is still unclear. The Wt1 gene encodes a zinc finger protein that was originally characterized as a transcriptional repressor based on its capability to inhibit several GC-rich promoters (reviewed in ref 5) . More recent studies indicated that Wt1 could also stimulate gene transcription (reviewed in ref 6) . Tumorassociated missense mutations of Wt1 resulted in a loss of its growth inhibitory and transcription activating function, whereas putative Wt1 target promoters were still repressed by the mutant protein (7) . It was therefore suggested that transcriptional activation and not inhibition is the physiological activity of Wt1 (7) . In addition to the well-established role as a transcription factor, certain Wt1 splicing variants have been implicated in mRNA processing (8) (9) (10) .
We have shown recently that myocardial infarction in rats due to ligation of the left coronary artery resulted in a de novo expression of Wt1 in the blood vessels surrounding the necrotic zone (11) . Ischemic induction of Wt1 in the coronary vasculature could be mimicked by exposure of rats to normobaric hypoxia (8% O 2 ). Colocalization of Wt1 with proliferating cell nuclear antigen (PCNA) and vascular endothelial growth factor (VEGF) in the infarcted rat hearts suggested a role for Wt1 in the coronary vascular response to local tissue ischemia (11) . The signals that activate Wt1 in ischemic/hypoxic tissues are still unknown.
In an effort to analyze the mechanisms of oxygen sensing at the molecular level, hypoxiainducible factor-1 (HIF-1) was identified as a key regulator of oxygen-dependent gene expression. The HIF-1 transcription factor is a heterodimer consisting of two basic helix-loophelix PAS proteins, HIF-1α and HIF-1β, also known as ARNT (aryl hydrocarbon receptor nuclear translocator) (reviewed in ref 12) . While the HIF-1β subunit is constitutively expressed, degradation of HIF-1α by the ubiquitin-proteasome pathway is regulated in an oxygendependent manner involving hydroxylation of two proline residues in the oxygen-dependent degradation domain (ODD) of the molecule (13, 14) . Prolyl hydroxylation requires 2-oxoglutarate and iron as cofactors, which explains the "hypoxia-mimetic" effect of iron chelators such as desferrioxamine and of transition metal ions such as cobalt (reviewed in ref 15) . Remarkably, HIF-1 and VEGF were coexpressed in nephroblastoma, thus raising the interesting possibility that local tissue hypoxia may elicit an angiogenic response in these tumors and thereby promote malignant growth (16) . It is also conceivable that HIF-1 can directly regulate Wt1 in Wilms' tumors.
In the light of these recent findings, this study was undertaken to explore whether Wt1 is a member of the growing family of oxygen-regulated genes. Furthermore, we aimed at clarifying the possible role of HIF-1 in Wt1 gene regulation.
MATERIALS AND METHODS

Cell culture
The human osteosarcoma line U-2OS (ATCC HTB-96) and Reh lymphoblast cells (ATCC CRL-8286) were obtained from the American Type Culture Collection (ATCC). U-2OS cells were grown in Dulbecco's modified Eagle's medium (Invitrogen GmbH, Karlsruhe, Germany) and Reh cells were cultured in RPMI1640 medium (Invitrogen) each supplemented with 10% FCS (Biochrom KG, Berlin, Germany), 100 IU/ml penicillin (Invitrogen), and 100 µg/ml streptomycin (Invitrogen).
Cell transfections and reporter gene assays
Three micrograms of the reporter constructs together with 1 µg of a cytomegalovirus (CMV)-driven β-galactosidase plasmid were transiently cotransfected into U-2OS cells at ~60% confluence using the calcium phosphate precipitation technique (17) . The promoter of the mouse Wt1 gene was cloned by PCR with the use of genomic DNA (P1 clone 1405, Genome Systems, St. Louis, MO) as a template (18) . A 767-bp sequence spanning from -513 to +254 nucleotides relative to the transcription initiation site was amplified using the following oligonucleotide primers: 5′-ACCCCGCAGCTAGCCTCTAGAAT-3′ (forward primer), 5′-GGCTCCCGGCGGAGCGTG-3′ (reverse primer). The PCR product was ligated into the KpnI/HindIII sites of the pGL2basic plasmid (Promega, Mannheim, Germany) and verified by dideoxy-sequencing of both strands. In some experiments, 16 µg of a HIF-1α expression vector (HIF-1α cDNA in pcDNA3) was cotransfected together with the reporter constructs. Appropriate control experiments were done by transfection of the "empty" pcDNA3 expression plasmid. The transfected cells were grown in a humified gas mixture of either 20% O 2 /5% CO 2 or 1% O 2 /5% CO 2 . In some experiments, the cells were treated with 100 µM CoCl 2 to mimic hypoxia. The transfectants were lysed after 16 h, and luciferase activities were measured in a luminometer (Microlite TLX1, MGM Instruments, Hamden, CT), with beetle luciferin as substrate. β-Galactosidase activities were determined spectrophotometrically (Beckman DU 540 spectrophotometer) using a commercial kit according to the manufacturer's instructions (Promega). Values are given as relative light units normalized to β-galactosidase activities for internal control of transfection efficiencies. Results shown are averages of five transfection experiments, each performed in duplicate. P<0.05 was considered significant (ANOVA with Bonferroni test as post hoc test).
RNase protection assay
RNase protection assay was performed with Trizol-extracted total RNA as described in detail elsewhere (11) . In brief, Wt1 and U6 small nuclear (sn) RNA antisense riboprobes were labeled with 32 P-UTP (250 Ci/mmol, ICN Biomedicals, Eschwege, Germany) to specific activities of 5×10 8 cpm/µg by in vitro transcription with SP6 and T7 RNA polymerase (MaxiScript kit, Ambion, Austin, TX) from 1 µg of linearized template DNA. Ten micrograms and 1 µg of the sample RNA were hybridized with 5×10 5 cpm of Wt1 antisense and U6 sn RNA probes, respectively. Hybridization was performed overnight at 55°C in 50 µl of a buffer consisting of 80% formamide, 40 mM Pipes, 400 mM NaCl, and 1 mM EDTA, pH 6.4. RNase-treated samples were separated on a denaturing 8% polyacrylamide gel, which was fixed, dried, and autoradiographed at -80°C between two intensifying screens. The hybridization signals were analyzed by densitometric scanning of the autoradiographs (Microtek scanner, Imagequant software). The signal ratio of protected Wt1 to U6 sn RNA fragments was calculated after background subtraction.
LightCycler reverse transcriptase-polymerase chain reaction (RT-PCR)
We prepared total RNA from Reh and U-2OS cells by using the Trizol reagent (Invitrogen) and reversely transcribed it with random hexamer primers for total RNA (1 µg/20 µl). Quantitative real-time PCR was performed with the use of the LightCycler system (Roche Diagnostics, Mannheim, Germany), as described in detail previously for the VEGF gene (19) . The following published oligonucleotides (20) were chosen for PCR amplification of Wt1 cDNA sequence: 5′-ACAGGGTACGAGAGCGATAACCA-3′ (exon 6 sense primer), 5′-CACACGTCGCACATCCTGAAT-3′ (exon 6/7 antisense primer). Wt1 transcript copies were normalized for β 2 -macroglobulin mRNA, which was amplified separately with the use of the following oligonucleotide primers (19) : 5′-GATGAGTATGCCTGCCGTGTG-3′ (forward primer), 5′-CAATCCAAATGCGGCATCT-3′ (reverse primer).
Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared from U-2OS cells according to Wenger et al. (21) . The cells were grown to ~80% confluence on 10-cm dishes in a humified atmosphere containing 5% CO 2 . Hypoxic induction was achieved by exposing the cells for 6 h to 1% O 2 /5% CO 2 . Alternatively, incubation was performed with 100 µM CoCl 2 at 20% O 2 /5% CO 2 . DNA binding reactions were performed on ice for 15 min with 20 ng of nuclear protein in 20 µl of a 1× reaction buffer (10 mM Tris-HCl, pH 7.5, 50 mM KCl, 50 mM NaCl, 1 mM MgCl 2 , 1 mM EDTA, 5 mM DTT, 5% glycerol, 0.05 mg/ml herring sperm DNA). For the supershift experiments, the nuclear extracts were preincubated on ice with 0.25 µg of a monoclonal anti-HIF-1α antibody (Transduction Laboratories, Lexington, KY). The 32 P end-labeled double-stranded oligonucleotide (5′-GAGAGCACGTGGCGGGCCAG-3′) contained the predicted HIF-1 consensus binding site from the mouse Wt1 promoter. A second oligonucleotide with a mutated core element (5′-GAGAGCTTTTGGCGGGCCAG-3′) was used to demonstrate sequence specificity of HIF-1 binding. Control experiments were performed with a 17-bp oligonucleotide (5′-GCCCACGTGCTGTCTCA-3′) that contained the previously identified hypoxia-inducible enhancer from the 3′-flanking sequence of the human erythropoietin gene (22) . This unlabeled oligonucleotide was also used in competition experiments.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
Total cell lysates from subconfluent cultures were prepared in a buffer consisting of 8 M urea, 10% (v/v) glycerol, 1% SDS, 10 mM Tris, pH 6.8, and supplemented with 1× protease inhibitor cocktail (Roche Molecular Biochemicals), 10 mM DTT, and 1 mM vanadate. The protein concentration was determined with a colorimetric assay reagent (Bio-Rad, München, Germany). Twenty micrograms of protein were heated to 95°C for 3 min in Laemmli buffer (500 mM TrisHCl, 100 mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol, pH 6.8) and run on a 10% polyacrylamide gel. The separated proteins were transferred onto polyvinylidene difluoride membranes (Amersham Pharmacia Biotech, Freiburg, Germany) with the use of a semidry blotting apparatus (Bio-Rad). Nonspecific binding was reduced by incubating the membranes for 60 min at room temperature in PBS, 5% Blotto (Santa Cruz Biotechnology, Santa Cruz, CA), 0.05% Tween-20 (Serva, Heidelberg, Germany). Incubation with polyclonal anti-Wt1 antibody from rabbit (C-19, Santa Cruz Biotechnology, 1:100 dilution in PBS, 5% Blotto, 0.05% Tween-20), monoclonal anti-HIF-1α antibody (1:100 dilution in PBS, 5% Blotto, 0.05% Tween-20; Transduction Laboratories), and monoclonal anti-p53 antibody (1:500 dilution in PBS, 5% Blotto, 0.05% Tween-20; Becton Dickinson, Biosciences, Heidelberg, Germany) was performed overnight at 4°C. After three 15-min washes in PBS, 0.05% Tween-20, incubation with goat anti-rabbit and goat anti-mouse secondary antibodies (1:1.000 dilution in PBS, 5% Blotto, 0.05% Tween-20) was performed at room temperature for 1 h. Following three 15-min washes in PBS, 0.05% Tween-20, the reaction products were detected with the use of an enhanced chemoluminescence system (Amersham Pharmacia Biotech). For further analysis, the blots were stripped with 0.2 M glycine, pH 2.5, at 56°C for 30 min and reprobed with goat polyclonal anti-β-actin antibody (1:500 dilution in PBS, 5% Blotto, 0.05% Tween-20; C-11, Santa Cruz Biotechnology).
Immunohistochemistry
Rat tissue was fixed overnight at 4°C in paraformaldehyde (3% in PBS). After snap freezing in prechilled isopentane, the specimens were embedded in Tissue-Tek O.C.T. compound (Sakura Finetek, Zoeterwoude, The Netherlands). Sections (10 µm) were cut in a cryostat and transferred onto gelatin-coated glass slides. The sections were postfixed in a 3% (in PBS) solution of paraformaldehyde for 15 min at 4°C. A 2-min wash in PBS was followed by 5 min incubation in a solution of 3% H 2 O 2 :methanol (1:4 vol) and another wash in PBS. The tissue sections were blocked and permeabilized by treatment for 1 h at room temperature with 10% normal donkey serum (in PBS), 0.3% Triton X-100, 3% BSA. Incubation was performed overnight at 4°C with the following primary antibodies: rabbit anti-Wt1 polyclonal antibody (C-19, Santa Cruz Biotechnology) and rabbit anti-bcl-2 polyclonal antibody (N-19, Santa Cruz Biotechnology), each diluted 1:20 in PBS, 0.1% Triton X-100, 3% normal donkey serum, and 3% BSA. The anti-HIF-1α polyclonal antibody (Santa Cruz Biotechnology) was used at a 1:100 dilution. After three 15-min washes in PBS, the slides were incubated for 1 h at room temperature with a Cy3-conjugated anti-rabbit IgG from goat (1:100 dilution in PBS, 0.1% Triton X-100, 3% BSA; Dianova, Hamburg, Germany). After treatment with secondary antibodies, the tissue sections were washed three times for 10 min each in PBS. The mounted slides were viewed under an epifluorescence microscope (Axioplan 2, Zeiss) connected to a digital camera (Spot RT Slider, Diagnostic Instruments, Sterling Heights, MI), using the Metamorph V4.1.2 software (Visitron Systems GmbH, Puchheim, Germany).
TUNEL labeling of apoptotic cells
Apoptotic cells were detected by TUNEL assay as described previously (11) in paraformaldehyde-fixed kidneys of normoxic (20% O 2 ) and hypoxic (8% O 2 , 8 h) rats (n=3 each), using the in situ Cell Death Detection Kit (Roche Molecular Biochemicals). Five 10-µm sections were obtained from each animal to estimate the number of apoptotic cells.
Caspase-3/7 assay
Caspase-3/7 activity as a measure of apoptotic cell death was determined in the tissue homogenates of kidneys that were obtained from rats at normoxia (20% O 2 ) and hypoxia (8% O 2 ). The tissue was homogenized in 25 mM HEPES (pH 7.5), 0.1% Triton X-100, 5 mM MgCl 2 , 2 mM DTT, 74 µM antipain, 0.15 µM aprotinin, 1.3 mM EDTA, 1 mM EGTA, 15 µM pepstatin, 20 µM leupeptin. The homogenates were centrifuged at 50.000g, and the supernatants were removed for the assay of caspase-3/7 activity by using the Apo-ONE Homogenous caspase-3/7 system according to the manufacturer's instructions (Promega). The intensity of the emitted fluorescence was determined at a wavelength of 521 nm with the use of a Genius SpectraFluorplus fluorescence spectrometer (Tecan Instruments, Crailsheim, Germany). Tissue homogenates from four different animals, each exposed at 20% O 2 and 8% O 2 , were analyzed. Statistical significance was assumed at P<0.05 (Student's t test).
RESULTS
Hypoxia induces Wt1 expression in kidney and heart
To study the effect of hypoxia on Wt1 expression in various organs, we exposed rats to normobaric hypoxia (8% O 2 ) for 8 h, and Wt1 transcripts were quantified with the use of RNase protection assay (Fig. 1) . Hypoxic exposure increased Wt1 mRNA levels in the kidneys and heart on average 3.3-fold and 2.3-fold (n=5 each) compared with rats at normoxia (20% O 2 ). A significant increase of Wt1 mRNA in the heart (Fig. 1A, 1B) and kidneys (unpublished observation) occurred within 2 h of oxygen restriction. Enhanced Wt1 expression could also be evoked by treatment of rats with 0.1% carbon monoxide to mimic anemia (Fig. 1C) . No differences in Wt1 expression were detected in the brain and spleen of normoxic vs. hypoxic rats (Fig. 1A, 1B) . We have shown recently that Wt1 is expressed de novo in the vasculature of ischemic/hypoxic rat hearts (11) . Immunohistochemical staining was applied to identify the sites of Wt1 expression in hypoxic kidneys. At least five sections were studied from each rat at normoxia (20% O 2 ) and hypoxia (8% O 2 ) (n=3). Consistent with the findings by others (23, 24) , Wt1 immunoreactivity was restricted to the nuclei of the glomerular podocytes in rat kidneys at normoxia (Fig. 2a) . Remarkably, cytoplasmic Wt1 could be detected in tubular cells in the renal cortex of rats exposed to 8% O 2 (Fig. 2b, 2c) . As reported recently (25) , hypoxic exposure of rats stimulated HIF-1α expression in renal cortical tubules (Fig. 2f) . No tubular HIF-1α was visible in the kidneys of rats at 20% O 2 (Fig. 2e) . Immunofluorescence was also absent from tissue sections of hypoxic animals that were incubated with normal rabbit serum instead of primary antibody (Fig. 2d) .
Hypoxia is associated with reduced apoptosis in hypoxic kidneys
Wt1 has been implicated in the control of cell proliferation and apoptosis. To clarify whether activation of Wt1 in hypoxic rat kidney was related to either of these functions, we performed immunostaining for proliferating cell nuclear antigen (PCNA) and labeling of apoptotic cells with the TUNEL technique. Five sections were analyzed from normoxic and hypoxic kidneys (n=3 each). Whereas no differences in PCNA fluorescence were seen between the kidneys from normoxic and hypoxic rats (unpublished observation), on average, four times fewer TUNELpositive cells were contained in the renal cortex of rats at 8% O 2 compared with normoxic animals (Fig. 3A) . As a second parameter of apoptotic cell death, we measured caspase-3/7 activity in the kidneys of normoxic and hypoxic rats. As shown in Figure 3C , caspase-3/7 activity was reduced by ~37% in hypoxic vs. normoxic kidneys (n=4 each). The decrease of apoptotic cells in hypoxic kidneys was associated with tubular expression of the antiapoptotic protein Bcl-2, which is transcriptionally activated by Wt1 (26) . Bcl-2 immunoreactivity was virtually absent from the kidneys of normoxic rats (Fig. 3B) . For comparison, the protein levels of p53, an inducer of apoptosis, which can be stabilized by HIF-1α (27), were not significantly different in the kidneys of hypoxic vs. normoxic rats (Fig. 3D) .
Hypoxia stimulates Wt1 expression in cultured cells
Next we searched for a suitable cell line to analyze the mechanism(s) of oxygen-regulated Wt1 expression in more detail. Since primary cells are not available for the study of Wt1 regulation, several permanent lines were screened for their capability to express Wt1 in an oxygendependent manner. Among the tested cell lines, Wt1 expression was activated by hypoxia in the human osteosarcoma line U-2OS and in Reh lymphoblast cells. Thus, incubating Reh cells for 16 h at 1% O 2 increased the number of Wt1 transcript copies approximately threefold compared with cells that were grown at 20% O 2 (Fig. 4) . This effect was associated with up-regulation of Wt1 protein under hypoxia (Fig. 4) . The increase of Wt1 mRNA and protein in Reh cells occurred in a timely fashion and became evident after 3 h of hypoxic exposure (Fig. 5) . Similar findings were made with U-2OS cells, which also expressed more Wt1 at low ambient oxygen (Fig. 6 ). Hypoxic induction of Wt1 could be mimicked by treatment of Reh and U-2OS cells with CoCl 2 and DFX (100 µM each), respectively (Fig. 4, 6 ). CoCl 2 and DFX are thought to activate hypoxia-induced genes at normal oxygen tension through deprivation of Fe 2+ , which is a critical cofactor for HIF-1α prolyl hydroxylase, the rate-limiting enzyme in oxygen-dependent degradation of HIF-1α (13, 14) . Notably, stimulation of Wt1 in Reh and U-2OS cells by hypoxia, CoCl 2 , and DFX was associated with a marked increase in HIF-1α protein while β-actin content remained unaffected (Fig. 4, 6 ).
Hypoxic induction of the Wt1 promoter is dependent on a HIF-1 consensus binding site
Transient transfections were done to explore whether the promoter of the Wt1 gene confers hypoxia sensitivity to a heterologous reporter. For this purpose, a 767-bp sequence extending from -513 to +254 nucleotides relative to the transcription start site in the mouse Wt1 gene was ligated into the pGL2basic plasmid and transiently transfected into U-2OS cells. Normalized luciferase activities were enhanced sixfold in hypoxic (1% O 2 ) vs. normoxic (20% O 2 ) cells (Fig.  6) . Similarly, treatment of the transfected cells with CoCl 2 (100 µM) and cotransfection of a HIF-1α expression construct increased reporter activities ~9-and 21-fold, respectively (Fig. 6 ). For comparison, neither hypoxia nor CoCl 2 and HIF-1α enhanced luciferase activity of the transfected "empty" pGL2basic plasmid (Fig. 6 ). Sequence analysis revealed two potential HIF-1 consensus binding elements (5′-RCGTG-3′) at positions -217 (HRE1) and +208 (HRE2) of the transfected Wt1 DNA. Site-directed mutagenesis was used to destroy either of the two potential HIF-1 binding sites in the Wt1 promoter. As shown in Figure 6 , deletion of HRE1 but not of HRE2 abrogated the sensitivity of the Wt1 promoter to CoCl 2 and HIF-1α, suggesting that the predicted HIF-1 site, HRE1, is required for oxygen regulation of the Wt1 promoter.
We used EMSA to ensure that the identified HRE1 oligonucleotide could physically bind to HIF-1 protein. For this purpose, nuclear extracts were prepared from U-2OS cells that had been grown for 6 h either at 1% O 2 , or at 20% O 2 in the presence of CoCl 2 (100 µM). As shown in Figure 7 , specific retardation bands were obtained with extracts from hypoxic and CoCl 2 -treated cells, whereas the nuclear proteins from normoxic cells showed only constitutive binding activity. The specific retardation signal could be competed with a 100-fold molar excess amount of an unlabeled oligonucleotide carrying the hypoxia responsive 3′-enhancer from the human erythropoietin gene (22) . Moreover, preincubation of the nuclear extracts from hypoxic U-2OS cells with anti-HIF-1α antibody supershifted the specific retardation signal (Fig. 7) , suggesting that the DNA binding activity was indeed HIF-1.
DISCUSSION
We demonstrate in this study that the Wilms' tumor gene, Wt1, is regulated in an oxygendependent manner in rat kidney and heart. Furthermore, stimulation of Wt1 at low oxygen tension involves HIF-1. This conclusion is based on the following three observations: First, the promoter of the Wt1 gene confers sensitivity to hypoxia and "hypoxia-like" stimuli (CoCl 2 , DFX) in the context of a heterologous reporter. Second, deletion of a hypoxia-responsive consensus element (HRE) from the proximal Wt1 promoter abrogates induction by HIF-1α. Third, the hypoxia-sensitive sequence in the Wt1 promoter binds to nuclear protein from hypoxic cells. Based on competition and supershift experiments, we conclude that the binding activity in the hypoxic nuclear extracts is HIF-1. Note that Wt1 expression was not enhanced in the spleen and brain of hypoxic rats. Thus, it seems that accumulation of HIF-1α alone is not sufficient for activation of Wt1, but additional signals may be required in certain tissues.
Induction of Wt1 at low oxygen tension could become relevant with regard to the dual role of Wt1 in tumor growth and organ development. Wilms' tumor is thought to arise from the condensed metanephric blastema, which continues to proliferate rather than differentiating into epithelial components of the mature nephron (reviewed in ref 28) . The pediatric tumors presumably develop from persistent foci of pluripotent renal cells, the so-called nephrogenic rests. Loss-of-function mutations in the Wt1 gene are responsible for ~15% of sporadic Wilms' tumors. Remarkably, Wt1 is highly expressed in a significant percentage of these tumors (29, 31) , suggesting a more complex role in tumorigenesis than predicted by the two-hit model of a tumor suppressor by Knudson (32) . Because the Wt1 gene product inhibits its own promoter (33, 34) , it was reasoned that elevated Wt1 levels in Wilms' tumors might result from loss of negative feedback control due to expression of a mutant protein. Our findings raise the possibility that local tissue hypoxia contributes to enhanced Wt1 expression in Wilms' tumors through activation of HIF-1. Consistently, it was demonstrated in a recent study that HIF-1α and vascular endothelial growth factor (VEGF) are coexpressed in Wilms' tumor specimens independent of the histological subtype (16) . Furthermore, detection of HIF-1α and VEGF immunoreactivity in areas of nephrogenic rests suggested that hypoxic signaling is an early event during tumor formation (16) .
Mouse embryos with disrupted Wt1 gene exhibit lack of normal metanephric kidney development and die in utero before end-gestation, presumably from heart failure (1). The mutant embryos have significantly smaller hearts with thinner muscular walls than their normal counterparts (1, 2) . Growth inhibition of the Wt1 −/− hearts is likely due to a partial defect of the epicardium, which is a physiological site of Wt1 expression in wild-type embryos. Histomorphological analyses of metanephric kidneys revealed that the ureteric bud fails to grow out from the Wolffian duct and that cells of the metanephric mesenchyme become apoptotic in Wt1 −/− embryos (1). Little is known about the molecular signals that activate Wt1 in the condensing metanephric mesenchyme of wild-type individuals. Preliminary data indicate that HIF-1α is expressed at a high level in the glomerular podocytes of the developing kidney (35) . Because podocytes are the source for Wt1 in normal kidney, these findings raise the intriguing possibility that hypoxia, acting through HIF-1, is a physiological stimulus for Wt1 in the developing metanephros. Remarkably, Wt1 expression was switched on in response to hypoxia in tubular cells in the renal cortex of adult rats, which normally contain Wt1 only in the glomerular podocytes. We recently made a similar observation of de novo expression of Wt1 in the myocardial vasculature of infarcted rat hearts (11) . Note that the wall of the coronary vessels is composed of cells that originate from the Wt1-positive epicardial layer (36, 37). The renal proximal tubules are formed by elongation of the immature glomeruli, which develop from the metanephric blastema (reviewed in ref 38) . Thus, it appears that certain cell types in different organs, which have in common their origin from Wt1-positive progenitors, retain the capacity to express Wt1 in the adult organism. Our findings suggest that hypoxia is a physiological stimulus for Wt1 in these cells.
Wt1 is a transcriptional activator of the Bcl-2 gene, which encodes an antiapoptotic protein (26, 39) . Wt1-expressing cells with up-regulated Bcl-2 were resistant to apoptosis induced by different agents (26) . Thus, it seems that absence of Wt1 from the metanephric blastema of homozygous null mutants may increase the susceptibility of these cells to proapoptotic stimuli.
In support of a role for Bcl-2 as a physiological target of Wt1 in the developing kidney, Bcl-2-deficient mice had smaller kidneys with fewer nephrons and displayed enhanced apoptosis in the metanephric mesenchyme (40) . Tubular Wt1 immunostaining in hypoxic kidneys was associated with activation of Bcl-2 expression and a decrease in the number of TUNEL-positive cells. These observations raise the interesting possibility that induction of Bcl-2 in hypoxic kidneys involves Wt1 and may protect cells from apoptosis. Hypoxia-related inhibition of apoptosis is in contrast to studies reporting enhanced apoptotic cell death under reduced tissue oxygenation (reviewed in ref 41) . Among other mechanisms, stabilization of p53 by HIF-1α has been implicated in programmed cell death in response to hypoxia (27) . Although we did not observe up-regulation of p53 in the kidneys of hypoxic rats, there is evidence that hypoxia may protect cells from apoptosis through induction of antiapoptotic proteins such as IAP-2 (42) and Mcl-1 (43) . Thus, our results are in line with the recent observation that hypoxic preconditioning attenuated ischemia/reperfusion-induced apoptotic cell death in rat kidney (43) . It remains to be clarified whether Wt1 can directly activate Bcl-2 in the kidneys of hypoxic rats. In fact, the intense cytoplasmic labeling of renal tubules suggests that Wt1 may exert its effects in these cells through mechanisms in addition to transcriptional regulation.
In summary, our findings demonstrate that hypoxia is a stimulus for Wt1 in the kidneys and heart. Besides other yet unidentified mechanisms, Wt1 expression at reduced oxygen tension involves activation of the promoter of the Wt1 gene by HIF-1. rats. Male Wistar rats were exposed for 8 h to a normobaric gas mixture containing either 20% or 8% oxygen. The two protected Wt1 bands reflect alternatively spliced exon 5, which results in the insertion/omission of 17 amino acids (± 17aa) in the N-terminal part of the molecule. For comparison, no significant differences in small nuclear (sn) RNA were seen between normoxic and hypoxic organs. 
